The Xenopus oocyte has been a favored model system in which to study spatiotemporal mechanisms of intracellular Ca 2+ dynamics, in large part because this giant cell facilitates intracellular injections of Ca 2+ indicator dyes, buffers and caged compounds. However, the recent commercial availability of membrane-permeant ester forms of caged IP 3 (ci-IP 3 ) and EGTA, now allows for facile loading of these compounds into smaller mammalian cells, permitting control of [IP 3 ] i and cytosolic Ca 2+ buffering. Here, we establish the human neuroblastoma SH-SY5Y cell line as an advantageous experimental system for imaging Ca 2+ signaling, and characterize IP 3 -mediated Ca 2+ signaling mechanisms in these cells. Flash photo-release of increasing amounts of i-IP 3 evokes Ca 2+ puffs that transition to waves, but intracellular loading of EGTA decouples release sites, allowing discrete puffs to be studied over a wide range of [IP 3 ]. Puff activity persists for minutes following a single photo-release, pointing to a slow rate of i-IP 3 turnover in these cells and suggesting that repetitive Ca 2+ spikes with periods of 20-30 s are not driven by oscillations in [IP 3 ]. Puff amplitudes are independent of [IP 3 ], whereas their frequencies increase with increasing photo-release. Puff sites in SH-SY5Y cells are not preferentially localized near the nucleus, but instead are concentrated close to the plasma membrane where they can be visualized by total internal reflection microscopy, offering the potential for unprecedented spatio-temporal resolution of Ca 2+ puff kinetics.
Introduction
A major mechanism of cellular Ca 2+ signaling involves the liberation of Ca 2+ ions from the endoplasmic reticulum through inositol 1,4,5-trisphosphate receptor-channels (IP 3 Rs) [1] [2] [3] . Opening of the IP 3 R channel requires binding of the second messenger IP 3 together with Ca 2+ to receptor sites on the cytosolic face. Gating by Ca 2+ is biphasic, such that small elevations of cytosolic Ca 2+ induce channel opening whereas larger elevations cause inactivation [4, 5] . The positive feedback by Ca 2+ underlies the process known as Ca 2+ -induced Ca 2+ release (CICR), whereby Ca 2+ is released in a regenerative manner that may remain restricted to a cluster of IP 3 R producing local Ca 2+ signals known as Ca 2+ puffs [6] , or propagate throughout the cell as a saltatory wave involving the recruitment of multiple puff sites by successive cycles of Ca 2+ diffusion and CICR. Thus, IP 3 -mediated Ca 2+ signaling represents a hierarchy of Ca 2+ events of differing magnitudes [7, 8] .
Xenopus oocytes have been a favored model cell system in which to study the physiology of fundamental and elementary IP 3 -mediated elementary Ca 2+ release events [9] [10] [11] [12] [13] [14] and their roles in supporting global Ca 2+ waves [15, 16] . Advantages of the oocyte include its lack of ER Ca 2+ release channels other than IP 3 Rs (e.g. ryanodine receptors (RyRs) and cADP-ribose receptors) [17] and its large size (∼1 mm diameter), which facilitates experimental procedures such as injection of cell-impermeant compounds. In particular, intracellular injection of caged IP 3 permits precise control of [IP 3 ] i via flash photolysis [18, 19] and, in conjunction with intracellular loading of the 'slow' Ca 2+ buffer EGTA to disrupt CICR between puff sites and thereby 'balkanize' global Ca 2+ events into multiple independent puff loci, has enabled detailed analysis of puff dynamics as a function of [IP 3 ] i [10, 20] .
Following the original discovery of Ca 2+ puffs in Xenopus oocytes [21, 22] , analogous events have been observed in numerous cell types, indicating that puffs are a ubiquitous feature of cellular Ca 2+ signaling [15, 23, 24] . They form the building blocks from which global Ca 2+ signals are constructed [1, 25] and may also serve local signaling functions in their own right, such as controlling action potential propagation at neuritic branch points by activating Ca 2+ -dependent K + channels to reduce neuronal excitability [26] . However, studies of Ca 2+ puffs in neurons and other mammalian cells of 'normal' size have been greatly hindered by inability to control [IP 3 ] i . Bootman and colleagues [2, 15, 27] made extensive studies in HeLa and other cultured cell lines employing extracellular agonists to evoke IP 3 production, but this method provides only an imprecise regulation of [IP 3 ] i within the narrow concentration 'window' required to evoke puffs; as does an alternative approach of incubating cells with membrane-permeant IP 3 esters to cause a slow increase in [IP 3 ] i [23] . Although caged IP 3 can be introduced into small cells by whole-cell patch-clamping [28] [29] [30] , this method is technically demanding and severely limits the throughput at which multiple cells can be examined.
In order to circumvent this problem, we describe here the use of a membrane-permeant caged IP 3 (ci-IP 3 ) [31] [32] [33] [34] to characterize elementary Ca 2+ release events in the human neuroblastoma SH-SY5Y cell line. We show that strong UV flash photolysis of ci-IP 3 causes the generation of Ca 2+ oscillations, whereas weaker photo-release evokes puffs. Intracellular loading of EGTA via a membrane-permeant ester devolves the waves evoked by even strong photorelease of IP 3 into discrete, highly localized and transient puffs, that persist for several minutes. The frequency of Ca 2+ puff sites is highly sensitive to increasing [IP 3 ] i and there is also a significant heterogeneity between sites with some evoking a high frequency and others a lower frequency of puffs to similar [IP 3 ] i . Puff sites in the SH-SY5Y cells are not preferentially localized near the nucleus, but instead are concentrated very close to the plasma membrane where they can be visualized with high resolution by total internal reflection (TIRF) microscopy.
Materials and methods

Cell culture
Human neuroblastoma SH-SY5Y cells were cultured in a mixture of Ham's F12 medium and Eagle's minimal essential medium (1:1 mixture), supplemented with 10% (v/v) fetal calf serum and 1% nonessential amino acids. Cells were incubated at 37
• C in a humidified incubator gassed with 95% air and 5% CO 2 
Bright field and total internal reflection microscopy
Imaging of changes in [Ca 2+ ] i was accomplished using a home-built microscope system that could be used in either wide-field epi-fluorescence or TIRF modes [35] . The system was based around an Olympus IX 70 microscope equipped with an Olympus 60x TIRF objective (N.A. 1.45). Excitation light from the expanded beam of an argon ion laser (488 nm) was reflected by a dichroic mirror and brought to a focus at the rear focal plane of the objective. Translation of a focusing lens allowed the beam to be introduced either at the extreme edge of the objective aperture (for TIRF excitation) or more centrally (for ''wide-field'' excitation). An adjustable rectangular aperture placed at a conjugate image plane in the excitation path restricted illumination to within the imaging field of the camera, and the aperture was overfilled by collimated laser light emerging from a 10× beam expander to provide Koehler illumination. Emitted fluorescence was collected through the same objective, passed through an Olympus fluorescence cube (490 nm dichroic, 510-600 nm bandpass barrier filter) and imaged using a Cascade 128+ electron-multiplied c.c.d. camera (Roper Scientific).
Fluorescence signals are expressed as ratios (F/F 0 or F/F 0 ) of the fluorescence (F) at each pixel relative to the mean resting fluorescence (F 0 ) prior to stimulation. Data are presented as mean ± 1S.E.M. IP 3 was photo-released from a caged precursor by delivering flashes of UV light (350-400 nm) focused uniformly throughout the field of view. The amount of photo-released i-IP 3 was controlled by varying flash duration. Image data were streamed to computer memory and then stored on disc for offline analysis using the MetaMorph software package (Molecular Dynamics).
Materials
The membrane-permeant caged IP 3 analogue ci-IP 3 (Fig. 1A) . The remaining non-oscillatory cells displayed a single Ca 2+ transient that decayed to baseline with a half time of 29.37 ± 3.86 s. In HeLa cells [2, 27] low concentrations of agonist have been shown to evoke discrete Ca 2+ puffs without triggering global Ca 2+ waves, but our attempts using a range of carbachol concentrations (1 nM to 1 M) to exclusively evoke localized events failed. Low concentrations of carbachol either gave no response at all, or triggered Ca 2+ waves that swept throughout the cell. However, in the latter case localized puffs could often be identified on the rising phase of Ca 2+ waves (Fig. 1B) . To better study the properties of Ca 2+ puffs in SH-SY5Y cells we then took advantage of the recent availability of a membrane-permeant ester of caged IP 3 so as to achieve a more precise control of [IP 3 ] i via flash photo-release. Exposure of ci-IP 3 -loaded cells to a relatively long UV flash (800 ms) evoked global Ca 2+ oscillations in approximately 50% of cells (Fig. 1C) . The remaining non-oscillatory cells displayed a single Ca 2+ transient that decayed to baseline with a half time of 47 ± 4 s. Shorter photolysis flash durations (∼100 ms) failed to evoke global Ca 2+ waves, but instead elicited localized, transient Ca 2+ puffs at discrete sites (Fig. 1D ). Puffs showed a rapid rise (time to peak = 98 ± 8.34 ms, n = 12), followed by a roughly exponential return to baseline with a half-decay time of 310 ± 10 ms (Fig. 1E ). Their spatial spread (full-width at halfmaximal amplitude: FWHM) at time of peak amplitude was 3.5 ± 0.25 m (Fig. 1F) .
Balkanization of Ca 2+ signals using membrane-permeant EGTA-AM
Although photo-release of i-IP 3 provided a means to evoke discrete puffs, detailed studies were still hampered because this was possible only within a narrow 'window' of i-IP 3 concentrations (flashes > 500 ms evoked waves), and because the wide spatial extent of the Ca 2+ signal precluded precise localization of the Ca 2+ source. We had previously overcome these problems in Xenopus oocytes by injecting them with the slow Ca 2+ buffer EGTA to inhibit Ca 2+ diffusion between puff sites, so as to balkanize Ca 2+ liberation such that individual release sites act autonomously to generate discrete puffs rather than functioning in concert to generate a Ca 2+ wave [10, 20] . We thus incubated SH-SY5Y cells with a membrane-permeant ester of EGTA (1 M for 45 min) following loading with ci-IP 3 and fluo-4. This treatment devolved Ca 2+ signals into discrete transients at several autonomous puff sites within each cell, even following long photolysis flashes that would otherwise have evoked global Ca 2+ oscillations (compare Figs. 1C and 2A). In the presence of EGTA strong photo-release of i-IP 3 evoked a high frequency of puffs, whereas weaker stimuli gave puffs of similar mean amplitude but much lower frequency ( Fig. 2A and B) . EGTA greatly accelerated the time course of Ca 2+ puffs (Fig. 2C ), and narrowed their spatial spread (FWHM 1.05 ± 0.8 m). 
Dependence of puff properties on [IP 3 ] i
Fig. 3A illustrates representative patterns of puff activity at individual puff sites following photolysis flashes of varying durations. Puff activity persisted for several minutes, enabling many measurements to be obtained from a single trial, and we generally exposed any given cell to only a single stimulus. Increasing flash durations evoked progressively greater frequencies of puffs at individual sites ( Fig. 3B) , and the mean frequency of puffs per cell increased supra-linearly with increasing flash durations (Fig. 4A ). Following flashes of all durations there was a slow decrease in puff frequency throughout the course of the imaging record, with the mean frequency declining to about one-half after 1-2 min (Fig. 3B) . Much of this decline is likely attributable to degradation of the photo-released i-IP 3 , and from the observed dependence of puff frequency on flash duration (cf. Fig. 4B ), this suggests that the half-life of i-IP 3 in SH-SY5Y cells is of the order of 1-2 min.
The effect of increasing photo-release of i-IP 3 was to increase both the frequency of puffs at a given site, and to increase the number of sites that responded in a cell. Whereas strong (>1000 ms flashes) usually evoked activity at four or more discrete sites, weak flashes (400 ms duration) typically evoked puffs at only one or two sites (Fig. 4B) . In the latter case, the failure to observe puffs at 'silent' sites was not simply due to statistical variation, because the mean frequency at responding sites was sufficiently high (0.2 ± 0.03 Hz) that the likelihood of observing no puffs during a 2 min recording would have been insignificant if all sites had uniform properties. No further increase in number of responding sites was observed when the flash duration was lengthened from 1200 to 1600 ms, suggesting that all functional puff sites were activated, and that SH-SY5Y cells possess a mean of only four puff sites per cell.
It thus appears that the neuroblastoma cells express a heterogeneous population of puff sites, with differing threshold concentrations of i-IP 3 required to evoke puff activity. This variation in sensitivities was further reflected in differences among sites in maximal frequencies of puffs evoked by saturating [i-IP 3 ]. Fig. 5 shows records from cells challenged by successive 400 ms UV flashes at 20 s intervals so as to evoke step-wise increments in cytosolic [i-IP 3 ]. We grouped puff sites into those that did (n = 11) or did not (n = 15) show at least one puff in response to the first 400 ms UV flash. Those sites that responded (high sensitivity sites) consistently showed a higher maximal puff frequency (0.43 ± 0.06 Hz following five 400 ms UV flashes) than the low sensitivity sites (0.24 ± 0.02 Hz).
In contrast to the marked changes in puff frequency, puff amplitudes were relatively insensitive to increasing photo-release of i-IP 3 (Figs. 3A and 4C ) and showed only small diminution with time after photo-release (Fig. 3C) . The mean puff amplitude increased by only about one-third with increasing durations of photolysis flashes from 400 to 1600 ms (Fig. 4C) , and puffs evoked by all flash durations showed similar skewed amplitude distributions with many small events and progressively fewer larger events (Fig. 4D) .
Resting cytosolic [Ca 2+ ] levels (as monitored by basal fluo-4 fluorescence) showed little or no increase following photolysis flashes with durations up to 1200 ms and, with the exception of one cell, only a small rise following 1600 ms flashes (Fig. 3D) . Thus, the buffering power of the EGTA loaded into the cytosol, together with native cellular sequestration mechanisms was largely sufficient to 'clamp' basal free [Ca 2+ ] cyt close to its normal resting level even in the face of frequent puff activity. Modulation of IP 3 R function by basal [Ca 2+ ] cyt is, therefore, unlikely to be responsible for the small time-dependent changes in puff frequency and amplitude seen following flashes of 1200 ms and shorter duration; but may contribute to the more marked decline in puff frequency following the 1600 ms flash.
Spatial localization of Ca 2+ puff sites with respect to the nucleus
An earlier report indicated that perinuclear puff sites in HeLa cells were more sensitive to IP 3 than those at more remote cytosolic sites [23] . To examine if this is also the case in SH-SY5Y cells, we first mapped the lateral (x-y) distribution of 78 puff sites by identifying all sites that responded to a strong (1600 ms) photolysis flash throughout a 30 s recordings. Taking care not to move the cells, we then bath-applied a solution containing the DNA marker thiazole orange (10 M for 5 min, followed by washout), and on the computer screen overlaid puff site locations onto a monochrome image of resting fluo-4 fluorescence (to visualize the cell outline) together with thiazole orange fluorescence (outlining the nucleus) (Fig. 6A ). Puff site locations were then quantified by expressing them as a relative distance between adjacent points on the plasma membrane and the nuclear envelope: For example, a distance of 0 indicates a site immediately adjacent to the nucleus, and a distance of 1 a site adjacent to the cell membrane. The resulting histogram of puff site locations (Fig. 6B ) revealed a relatively uniform distribution of sites, yet with a subset (26%) close to the nucleus. For purposes of analysis we defined 'perinuclear' puff sites as those within 1 m of the nucleus and compared them to 'cytosolic sites' that lay >3.5 m away from the nucleus. In contrast to the marked differences between perinuclear and cytosolic puff sites reported in HeLa cells, we found no significant differences in mean amplitude or frequency of puffs at cytosolic and perinuclear sites in SH-SY5Y cells ( Fig. 6C  and D) .
Proximity of puff sites to the plasma membrane
The proximity of ER Ca 2+ release sites to the plasma membrane is of crucial importance for local control of Ca 2+ -activated membrane ion channels [36, 37] . However, whereas the analysis in Fig. 6 provided information of puff site locations in relation to the nucleus, wide-field fluorescence imaging at a fixed focal plane near the center of the cell fails to provide axial (z) information regarding proximity to the cell membrane. For example, a puff apparently located in the cytosol between the nucleus and edge of the cell might actually have originated close to the membrane at the bottom or top of the cell. To determine the axial localization of Ca 2+ puffs we thus imaged puffs evoked by photo-released i-IP 3 while sequentially stepping the focus of the microscope in 1 m increments upward from the cover glass to the top of a cell; typically ∼8 m for SH-SY5Y cells. A puff site was deemed to lie in the focal plane where fluorescence changes were of maximal amplitude [38] . Fig.7A and B illustrate, respectively, examples of puff sites that were located close to the cover glass (0 m focus displacement) and 1-2 m into the cell. Analysis of 19 puff sites revealed that a majority (11) were located within ∼1 m of the cover glass, and hence in close proximity to the plasma membrane.
Given the predominance of puff sites close to the plasma membrane, we then sought to more precisely determine the [Ca 2+ ] changes experienced in the immediate vicinity of the membrane. For this purpose we employed TIRF microscopy, wherein fluorescence excitation is restricted within an exquisitely narrow evanescent field decaying with a distance constant of ∼100 nm away from the cover glass [35, 39] . By changing the position of the laser beam entering the back aperture of the microscope TIRF objective lens we were able to first image puffs by wide-field epi-fluorescence, and then rapidly switch to TIRF imaging to determine which of these puff sites gave near-membrane Ca 2+ signals ( Fig. 6D  and E) . Approximately 75% of sites evident by wide-field imaging (n = 61) also gave a Ca 2+ signals when viewed by TIRFM (e.g. Fig. 7E ), whereas little or no TIRF signal was evident with the remaining sites (Fig. 7F) .
Discussion Tools for imaging local Ca 2+ signaling in mammalian cells
Several reports describe local IP 3 /Ca 2+ signaling in mammalian cells [2, 15, 19, 23, 24, 27, 34, 40] , but quantitative studies have been hindered technical problems in controlling [IP 3 ] i within the narrow range that evokes local puffs without triggering global Ca 2+ waves and neither approaches using low concentrations of Ca 2+ -mobilizing agonists [27, 40] nor membrane-permeant IP 3 [23] have proved entirely satisfactory. We had previously circumvented this problem by utilizing Xenopus oocytes, whose large size facilitates microinjection of caged IP 3 , thereby permitting precise control of [IP 3 ] i by varying the intensity and duration of photolysis flashes [41] . Moreover, intracellular injection of the slow Ca 2+ buffer EGTA served to balkanize Ca 2+ sig- nals into discrete puffs while inhibiting wave propagation, and to sharpen the spatio-temporal profile of puffs [10, 20] . Nevertheless, the oocyte suffers disadvantages, including its highly atypical size and geometry, and the location of puff sites a few m below the membrane [42] . The latter factor has contributed to the general use of linescan confocal imaging so as to achieve good resolution of puffs, but with attendant disadvantages of uncertainty as to whether events are in-focus on the scan line [43] , sparse sampling of puff sites, and restriction of spatial information to only a single dimension. We describe here advances that permit high-resolution Ca 2+ imaging and precise control of [IP 3 ] i in cultured mammalian cell lines, which may now usurp the oocyte as the favored system in which to study local IP 3 -mediated Ca 2+ signaling. Results in this paper were obtained using SH-SY5Y human neuroblastoma cells, and we have also obtained similar findings in HeLa cells (unpublished data).
We employed two methodological approaches. The first was contingent on the commercial availability of membranepermeant ester forms of caged IP 3 and EGTA. This allowed us to non-invasively load numerous small mammalian cells for simultaneous imaging; a major advantage over patch pipette delivery of these compounds where only one cell at a time can be loaded and subsequently imaged. Although ester-loading precludes accurate determination of absolute intracellular concentrations of ci-IP 3 and EGTA (as opposed to the patch pipette method where precise concentrations can be delivered) it is nevertheless possible to control relative IP 3i concentrations with high precision. Secondly, use of a fast (500 fps), highly sensitive camera enabled good temporal resolution in two (x-y) dimensions, thereby sampling from many more puff sites and minimizing uncertainties arising from events distant from a confocal scan line. Owing to the thin (ca. 6 m) and transparent nature of the SH-SY5Y cells we were able to obtain good results even with wide-field fluorescence imaging. Moreover, because the kinetic resolution of local Ca 2+ events improves markedly as the volume from which fluorescence signals are monitored diminishes [44] , the finding that many puff sites are located sufficiently close to the plasma membrane as to be within range of the exceedingly thin optical section provided by TIRF microscopy offers potential for unprecedented spatiotemporal resolution.
Comparison of Ca 2+ signals in SH-SY-5Y cells and Xenopus oocytes
In light of the substantial body of published work employing Xenopus oocytes to study Ca 2+ puffs, it is instructive to compare their properties in these two very different cell types. Our overall conclusion is that local Ca 2+ signaling mechanisms appear remarkably conserved. The time course of Ca 2+ puffs in oocytes and SH-SY5Y cells under physiological conditions (i.e. no added EGTA) is similar (300 ms in SH-SY5Y vs. 260 ms in Xenopus oocyte) as is their spatial spread (FWHM in SH-SY5Y of 3.5 m vs. 3.4 m in the oocyte); and the lower fluorescence amplitude in SH-SY5Y cells (0.4 F/F 0 in SH-SY5Y vs. 2.5 F/F 0 in Xenopus oocyte) may largely be attributable to use of wide-field rather than confocal imaging [10] . Moreover, despite the enormous difference in total numbers of puff sites between the cells (thousands in the oocyte; about 4 in SH-SY5Y cells) the spacing between sites is comparable (3.5 m in SH-SY5Y vs. 2.25 m in the oocyte), and in terms of Ca 2+ signaling architecture the oocyte may be thought of as a mammalian cell writ large. Following our original identification of Ca 2+ puffs in Xenopus oocytes [21] we had suggested that ''there may be room for no more than one release unit in a cell of 'normal' size''. Although recent findings [34] that neutrophils may express only a single puff site bear this out, the SH-SY5Y cells exemplify the more usual situation seen across many mammalian cell types [15, 27] that typically contain a few or several puff sites. This architecture probably reflects a requirement to space Ca 2+ release sites at distances comparable to the diffusional range of action of Ca 2+ ions in the cytosol [45] so that cells can retain control of the explosively regenerative CICR mechanism to appropriately generate local or global signals.
The similarity between puff characteristics in the oocyte and SH-SY5Y cells is concordant with the expression patterns of intracellular ER Ca 2+ release channels in these cells. Both the oocyte and SH-SY5Y cells predominantly express the type 1 IP 3 R [17, 46] , and SH-SY5Y cells may also express low levels of the type 3 IP 3 R [27, 46] . Xenopus oocytes do not express RyR [17] , and RyR also appear to be generally absent in undifferentiated SH-SY5Y cells, although one report describes a small (<6%) subset of SH-SY5Y cells expressing RyR's [47] . However, these RyR were functionally evident only after loading the E.R. by K + depolarization and, together with our failure to observe any Ca 2+ signals in response to bath application of caffeine (5-25 mM: data not shown), we conclude that IP 3 -evoked Ca 2+ signals are in SH-SY5Y cells are largely uncontaminated by CICR through RyR [30] .
A marked difference between oocytes and SH-SY5Y cells, however, is that whereas flash photo-release of IP 3 in Xenopus oocytes usually evokes only one or two puffs at any given site [25] , puffs in SH-SY5Y cells continued to occur with only slightly diminishing frequency for at least a few minutes following a flash. The difference likely lies both in the contrasting size and geometry of the two cell types, and in differences between the caged compounds used. Firstly, penetration of UV light into the oocyte is severely restricted by pigment and yolk granules [48] . IP 3 is thus photo-released only in a thin, superficial shell close to the cell membrane, and its concentration at the superficial Ca 2+ release sites where puffs are observed [42] will fall rapidly as IP 3 diffuses into the enormous interior volume of the oocyte. In contrast, i-IP 3 is photo-released almost uniformly throughout the entire volume of the much smaller SH-SY5Y cells, so that metabolic degradation would be the only mechanism causing a fall in [IP 3 ]. Secondly, our oocyte experiments employed NPE-caged IP 3 where photolysis results in the formation of the naturally occurring form of IP 3 , whereas the ci-IP 3 used here has the photolabile group on the 6-hydroxy position with the remaining 2-and 3-hydroxies protected by isopropylidine groups. The i-IP 3 that results from photolysis has been reported to be metabolized in SH-SY5Y cells more slowly than IP 3 itself [49] , so that our observation of sustained puff activity may not truly reflect the normal turnover rate of IP 3 in these cells. Nevertheless, given that the period of whole-cell Ca 2+ oscillations can be as short as 10-20 s, and that they are readily evoked by photo-released IP 3 as well as by Ca 2+ -mobilizing agonists ( Fig. 1A and C) , this suggests that Ca 2+ oscillations in SH-SY5Y cells are not driven by oscillating levels of IP 3 as proposed in other cells [50] , but rather involve feedback mechanisms acting directly on the IP 3 R with [IP 3 ] remaining constant [51] . Irrespective of mechanism, the ability to record numerous puffs in a short time and at relatively constant [IP 3 ] in SH-SY5Y cells offers a major advantage over oocytes in greatly enhancing experimental throughput, and facilitating statistical com- parisons between puffs arising at the same and at different sites.
Properties of Ca 2+ puffs in SH-SY5Y cells
Our results present the first quantitative study of Ca 2+ puffs in mammalian cells as a function of [IP 3 ]. The main findings, which mirror those in Xenopus oocytes [52] , are that puff frequency varies steeply with [IP 3 ], whereas the mean puff amplitude is substantially independent. The increasing frequency may be explained if greater numbers of IP 3 R-channels in a cluster bind IP 3 , thereby increasing the probability that one of them will open following stochastic binding of Ca 2+ at basal resting [Ca 2+ ] i to generate a trigger Ca 2+ signal and evoke a puff at that site [53] . On the other hand, the mechanisms that determine puff amplitude remain unclear. At any given [IP 3 ] puff amplitudes at any given site show a wide variability, presumably reflecting recruitment of varying numbers of IP 3 R [25, 40] . However, neither the distributions of amplitudes (Fig. 4D) 3 and show a lower maximal puff frequency. Significant differences in IP 3 sensitivity among puff sites have previously been described in both HeLa cells and Xenopus oocytes [15, 16] , with low-threshold sites proposed to act as pacemakers to initiate global Ca 2+ waves. In HeLa cells pacemaker puff sites were reported to be concentrated around the nucleus [23, 54] , possibly subserving a specific role in nuclear Ca 2+ signaling. However, different to those results in HeLa cells and a report of similar findings in SH-SY5Y cells [27] our functional puff mapping data reveal a broad distribution of puff sites throughout the cell, with little apparent concentration near the nucleus; and we further failed to observe any obvious difference in properties of perinuclear puffs.
The positioning Ca 2+ puffs sites is a major factor in determining which signaling elements are exposed to localized Ca 2+ elevations during elementary events. We show that a majority (76%) of Ca 2+ release sites in SH-SY5Y cells are located sufficiently close to the plasma membrane to evoke large Ca 2+ signals when observed using TIRF microscopy, which reports exclusively near-membrane (∼100 nm) fluorescence signals. The immediate proximity of IP 3 Rs to the plasma membrane likely allows puffs to play a significant role in local modulation of plasmalemmal processes such as neurotransmitter release and activation of Ca 2+ -dependent K + channels [36] . Moreover, the finding that puffs sites are within range of the evanescent field of TIRF microscopy holds great promise for extending our 'optical patch-clamp' approach of single-channel Ca 2+ imaging [35] to resolve intracellular Ca 2+ liberation at the single-molecule level of individual IP 3 R.
